In this work, previously undetected intermediates of several practically promising catalyst systems for ethylene polymerization and trimerization are discussed. In particular, the activation of ethylene polymerization catalysts (1) LNiCl 2 (L = 2,4,6-trimethyl-(N-5,6,7-trihydroquinolin-8-ylidene)phenylamine) with AlEt 2 Cl and AlMe 2 Cl, (2) 
This tendency supports stable interest to the detailed mechanistic studies of metallocene and post-metallocene catalyzed polymerization [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, quite often the available information on the reaction mechanism remains insufficient.
Herein, we summarize the results of our recent NMR and EPR spectroscopic studies of practically promising catalyst systems for polymerization and trimerization of ethylene, casting light on previously unknown details of the reaction mechanisms. The following catalyst systems were studied: (i) the systems for highly branched ethylene oligomers production LNiCl 2 H NMR spectroscopy. This was the first example of spectroscopic characterization of intermediates formed in the catalyst systems based on vanadium (III) complexes. In the third system, (FI)TiCl 3 
Introduction
Today, millions of tons of metallocene-and postmetallocene based polyolefins are made every year, the latter demonstrating faster growth than traditional plastics [1] . molecular sieves and distilled under dry argon prior to use. Complexes 1a [21] , 5 [9] , and 11 [32] were synthesized according to published procedures. All co-catalysts for the ethylene polymerization were purchased from Aldrich and Akzo.
Ethylene polymerization was performed in a 0.5 L steel reactor. The pre-catalyst was introduced into the reactor in an evacuated sealed glass ampoule. The reactor was evacuated at 80°C for 1 h, cooled down to 20°C and then charged with the freshly prepared solution of co-catalyst in heptane or toluene. After setting up the desired polymerization temperature and ethylene pressure, the reaction was started by breaking the ampoule with the pre-catalyst. During the reaction, polymerization temperature, stirring speed and ethylene pressure were maintained constant through an automatic computercontrolled system for the ethylene feed, recording the ethylene consumption and providing the kinetic curve output both in the form of a table and as a graph. 1 H chemical shifts were referenced to the residual CD 2 HC 6 D 5 peak at δ 2.09. The samples for NMR spectroscopy were prepared as follows. Desired amounts of the pre-catalyst were weighed in the glove-box and transferred into the NMR tube, which was then closed with septum stopper. The solutions of co-catalysts in toluene-d 8 were then added via gas-tight syringe upon proper cooling (−40°C).
EPR spectra were measured on a Bruker ER-200D spectrometer at 9.3 GHz, modulation frequency 100 kHz, modulation amplitude 4 G. Periclase crystal (MgO) with impurities of Mn 2+ and Cr
3+
, which served as a side reference, was placed into the second compartment of the dual cavity. EPR spectra were quantified by double integration with TEMPO toluene solution as standard. The relative accuracy of the quantitative EPR measurements was ±30 %. [18, 19, 20] . Sun and coworkers have shown that 8-arylimino-5,6,7-trihydroquinolinylnickel chlorides (complexes 1a-1h, Fig. 1 ) activated with MAO or AlEt 2 Cl are potentially useful catalysts for branched polyethylene waxes production [21, 22] . Very recently, cationic intermediates formed upon the activation of 1a with AlEt 2 Cl and AlMe 2 Cl were characterized by 1 H NMR [8] . Prior to this study, there were no examples of spectroscopic characterization of intermediates formed upon activation of post-metallocene pre-catalysts with AlR 2 Cl (R = Me, Et).
The activation of 1a with AlMe 2 Cl and AlEt 2 Cl leads to active ethylene polymerization catalysts ( Table 1) .
The rate of polymerization for both catalyst systems decreases 3 times within a 30 min period. The polymers obtained had low M w values (~600g/mol, M w /M n ~ 2) and high number of branches (~45/1000 C).
Pre-catalyst 1a displayed broad paramagnetically shifted resonances in the range of +250 to -45 ppm (Fig. 2a) . complex 3a. The EPR spectrum of 3a is characteristic of Ni(I) species (Fig. 3a , Scheme 1). The g-tensor of 3a is close to axially symmetric one (g 1 = 2.046, g 2 = 2.077, g 3 = 2.223). Therefore, 3a displays nearly axial symmetry of the ligand environment of the Ni(I) center. The g 1 and g 2 components of the EPR spectrum displays partially resolved hyperfine splitting (HFS) from nitrogen atoms. The simulation of the EPR spectrum of complex 3a (Fig. 3b) shows that the observed HFS is well described by the interaction of unpaired electron with two equivalent nitrogen atoms Nevertheless, very recently, the intermediates formed upon activation of bis(imino)pyridine vanadium(III) α-olefin polymerization precatalysts 5-8 ( Fig. 5) (Fig. 6b) (Fig. 6c) had the same chemical shift as the resonance of Al(CH 3 ) 2 in the 1 H NMR spectrum of 9 (Fig. 6b) . When MAO was used as activator, the 1 H NMR resonances of the ion pair 10 formed in the system 5/ MAO were broader than those of 9. Nevertheless, the key resonances of 10 could be distinguished; their chemical shifts were close to those of 9 (Fig. 6d) . Therefore 
Selective ethylene trimerization by titanium complex bearing phenoxy imine ligand
1-Hexene is industrially used as co-monomer in the production of linear low-density polyethylene (LLDPE). It is usually produced via nonselective oligomerization of ethylene [28] . The commercial process capable of selective or Ti(II) species can be observed in the reaction solution 1-hexene production utilizes chromium-based catalyst [29] . A highly active and selective titanium-based catalyst system for this transformation was discovered by Hessen and coworkers [30] . Catalyst systems capable of selective 1-hexene production would be of great industrial and academic interest (see review by McGuinness [31] ). One of the major recent developments was the emergence of complex (FI)TiCl 3 (11) (FI = phenoxy imine ligand with additional O-donor, Fig. 7 ). When activated with MAO, 11 produced 1-hexene with exceptionally high activity (up to 132 kg of 1-hexene (g of Ti)¯1 h¯1 bar¯1) [32] .
A drawback of titanium trimerization catalysts is the formation of 2-5 % of high-molecular-weight polyethylene (PE), which can result in reactor fouling. The nature of activator has a dramatic effect on the 1-hexene/PE ratio [33] . For the improvement of the existing trimerization titanium catalysts, a clear understanding of the mechanisms of ethylene trimerization and polymerization is required. The hypothetical mechanism of ethylene trimerization by the catalyst system 11/MAO [32] is similar to the mechanisms previously proposed for chromium [29] and titanium [30] systems (Scheme 3).
Bercaw and coworkers have shown that the activation of complex 11-Me ( Mechanistic studies indicate that the catalyst activation involves the generation of an active Ti II species via olefin insertion into the Ti IV -Me bond, followed by β-H elimination and reductive elimination of methane [34] . However, Ti II species were not observed spectroscopically in the catalyst system 11-Me/B(C 6 F 5 ) 3 .
Our NMR and EPR spectroscopic investigation of the catalyst systems: (Fig. 8) . The multiplet at g = 2.004 is that of ·CPh 3 , while the resonance at g = 1.954 belongs to a complex (FI) Ti III ( i Bu) 2 . The intense signal at g =1.975 with resolved hyperfine splitting (a H = 5G) from one proton (Fig. 8,  insert ) was assigned to a cationic hydride complex 13. In accordance with its cationic structure, complex 13 was observed only in the presence of ion-forming agents: (Fig. 9a) (Fig. 9a) . The concentration of 16 decreased with time (Fig. 10b) (14) Ar−CH 3 (15) Ar−CH 3 (14) system 11/MMAO has produced a much higher amount of PE and lower amount of 1-hexene than the system of 11/MAO [10] . As noted above, the major part of titanium exists in the catalyst system 11/MMAO, in the form of Ti III species. It is likely that Ti III species are responsible for the generation of PE by the catalyst system of 11/ MMAO. 
Conclusions
Recent progress in mechanistic studies of postmetallocene catalyst systems for ethylene polymerization and trimerization provides new data on the structures of key reactive intermediates of several practically promising catalyst systems. role of Ti  IV and  Ti II species in ethylene trimerization, whereas Ti III species may be responsible for the undesirable formation of PE.
